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Abstract: We present an investigation of isostructural com-
plexes that feature unsupported direct bonds between a for-
mally trivalent lanthanide ion (Dy*") and either a first-row (Fe)
or a second-row (Ru) transition metal (TM) ion. The sterically
rigid, yet not too bulky ligand PyCp,~ (PyCp,’~ =[2,6-
(CH,CsH;),CsH;NJ*) facilitates the isolation and character-
ization of PyCp,Dy—FeCp(CO), (1; d(Dy-Fe)=2.884(2) A)
and PyCp,Dy—RuCp(CO), (2; d(Dy-Ru)=2.9508(5) A).
Computational and spectroscopic studies suggest strong
TM — Dy bonding interactions. Both complexes exhibit field-
induced slow magnetic relaxation with effectively identical
energy barriers to magnetization reversal. However, in going
from Dy—Fe to Dy—Ru bonding, we observed faster magnetic
relaxation at a given temperature and larger direct and Raman
coefficients, which could be due to differences in the bonding
and/or spin—-phonon coupling contributions to magnetic relax-
ation.

Direct unsupported bonds between lanthanide (Ln) and
transition metal (TM) ions are among the least well under-
stood classes of interatomic interactions in chemistry."! This is
largely due to the significant synthetic challenges associated
with isolating discrete Ln—TM bonded complexes, specifically
those that feature unsupported Ln—TM bonds. The first
report of a structurally characterized direct lanthanide—
transition metal bond in (thf)Cp,Lu—RuCp(CO), (Cp=
CsH,") by Beletskaya® and co-workers suggested that
anionic TM complexes with charge localized at the TM ion
(such as in [FeCp(CO),]” and [RuCp(CO),]") should be
valuable synthons for the generation of Ln—TM bonds by salt
elimination reactions. This approach has also proven success-
ful for the isolation of a thermally stable Nd—Fe bonded
complex.’! A powerful alternative method for the generation
of discrete Ln—TM bonded molecular species was introduced
in 2008 by Kempe and co-workers, who established the
versatile utility of alkane elimination reactions between Ln—
alkyl and acidic TM-hydride species.* This method was also
exploited to generate a Lu—Re bonded species, ™ and was
further shown to enable the formation of remarkable com-
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plexes that feature three intramolecular Ln—Re bonds (Ln =
Sm, Lu, La).[*!

However, even given these important and elegant discov-
eries, there are still no synthetic procedures that would allow
altering the nature of both the TM and the Ln ion system-
atically in an isostructural family of Ln—TM bonded com-
plexes. These systems would be important contributions
towards a physical description of the nature of Ln—TM
bonding. There is currently an ongoing debate about the
degree of covalency in metal-ligand bonding of the f block
elements, and recent experimental results are reshaping our
understanding of how f block elements interact with ligands.”!

In addition to answering fundamental questions about
bonding, we are particularly interested in studying Ln—TM
bonded complexes with respect to their static and dynamic
magnetic properties. Specifically, the large single-ion aniso-
tropy of trivalent Ln ions, such as Dy** ! and Tb** ! renders
them promising candidates for the field of single molecule
magnets (SMMs).®! Whereas SMM behavior has been
reported for Ln-main group metal SMMs,! to the best of
our knowledge, no magnetization dynamics have been
reported for any Ln—TM bonded complexes.

Herein, we present the first structural, spectroscopic,
magnetic, and computational comparison of Ln—Fe and
Ln—Ru bonding (Ln = Dy) in discrete molecules.

The judicious choice of lanthanide starting materials is
crucial if Ln—TM bonds are to be generated. If species such as
[FeCp(CO),]” are to be used, the Ln—TM bond has to
outcompete the oxophilicity of the Ln ion, which would favor
the formation of Ln isocarbonyl complexes. Similarly, the
steric bulk of the Ln-supporting ligand has to be minimized to
avoid the formation of isocarbonyl species. For example, the
steric bulk around the Dy*" ion in its bis(pentamethylcyclo-
pentadienyl) complexes favors the formation of isocarbonyl
complexes over the formation of Dy—Fe bonds in reactions
between Cp*,Dy(PhBPh,) and [FeCp(CO),].'" As such, we
can formulate two prerequisites for the formation of Ln—TM
bonds: 1) The Lnions need to be sterically accessible, and
2) the metal-centered charge needs to be localized on the TM
fragment in such a way as to favor Ln—TM over Ln—OC—TM
bonding. We identified the structurally rigid yet not overly
sterically demanding ligand PyCp,” (PyCp,* =[2.6-
(CH,CsH;),CsH N> )M as a potential ligand platform for
the generation of Ln—TM bonded species. The triflate-
bridged dinuclear Dy*" complex shown in Scheme 1 disso-
ciates readily in thf solution into its corresponding mono-
mers,''Y which can be reacted with stoichiometric amounts of
K[FeCp(CO),] or K[RuCp(CO),] to yield crystalline material

Angew. Chem. Int. Ed. 2018, 57, 8144-8148


http://dx.doi.org/10.1002/ange.201803761
http://dx.doi.org/10.1002/anie.201803761
http://orcid.org/0000-0003-1091-4677
https://doi.org/10.1002/anie.201803761

N Communications
< Fe’™  Cp(CO),Fe—X complexes
KIFeCp(CO),] /N—Sy—Fé-"‘CO v.vhere X is a o- and a m-donor
“KOTf / Neo  ligand  (X=NCS/I:  (6=0.202/
1 0.215 mms™!; AEq=1.878/
1.840 mms~! at 78 K).'* In the
[KIRUCP(CO)2] o case of 1, the isomer shift is likely

Scheme 1. Synthesis of 1 and 2.

of PyCp,Dy-FeCp(CO), (1) and PyCp,Dy-RuCp(CO), (2),
respectively.

The molecular structures of 1 and 2 (Figure 1; see also
Tables S1 and S2) feature Dy—Fe and Dy—Ru distances of
2.884(2) A and 2.951(1) A. To the best of our knowledge,
these are the first direct unsupported Dy—TM bonds reported

Figure 1. Molecular structure of 1 (left) and 2 (right).”® Hydrogen
atoms have been omitted for clarity. Dy green, Ru purple, Fe orange,
N blue, O red, C gray.

thus far. It is interesting to note that the Dy—Ru bond in 2 is
approximately 0.03 A longer than the Dy—Ru distances in
a reported hydride-bridged species.'” All other Dy-ligand
distances in 1 and 2 are statistically the same (d(Dy-N)=
2.452(9) A and 2.470(3) A; d(Dy-C) =2.628[7] A and 2.631-
[3] A). The spectroscopic features of the new Dy—TM bonded
species are particularly interesting. The *Fe Mossbauer
spectra of 1 (see the Supporting Information, Figure S1)
obtained at 5 K (or 120 K) feature a single doublet with an
isomer shift (6) of 0.129 mms™" (or 0.116 mms™") and a quad-
rupole splitting (AE,) of 1.859 mms™ (or 1.862 mms™). The
isomer shift reflects the s electron density at the iron nucleus
(6 decreases with increasing s electron density) as well as the
p/d electron density, which shields the s electron density (&
increases with increasing ligand-to-Fe m donation).*” The
values obtained for 1 occupy a somewhat unique niche for
Cp(CO),Fe—X complexes. The 6 value of 1 is larger than
those of formally Fe*" Cp(CO),Fe—X species in which X is not
a m-donor ligand (X=CN/CH;: 06 =0.069/0.069 mms™';
AEo=1.899/1.746 mms ' at 78 K)[***! as well as in formally
Fe’ Cp(CO),Fe—X species (X=LGe*" (at 78 K)/LFe*" (at
190 K): 6=0.084/0.080 mms™'; AE,=1.74/1.73 mms ).l
However, the 0 value measured for 1is lower than in formally
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solely dominated by the s electron
co density at Fe, which is a function of
the strength of the Fe —Dy o dona-
tion. Based on these considerations,
one tentative interpretation of the
data is that complex 1 contains
a formally Fe’ species and stronger Fe—X ¢ donation (X =
Dy*") than Fe—Ge and Fe—Fe bonded species, which results in
a higher 0 value. This interpretation was further supported by
IR spectroscopy. The energies associated with the CO
stretching modes in 1 (1910, 1840cm™) and 2 (1930,
1851 cm™') are rather similar to those reported for other
formally Fe” species, such as Cu—Fe (1914, 1849 cm™') and
Zn—Fe bonded complexes (1944, 1888 cm ™), and much
lower than those for Cp(CO),Fe—T (2038, 1988 cm™).

There is precedence for utilizing the QTAIM model™ to
describe aspects of heterometallic interactions in Ln—TM
bonded complexes computationally.”! Accordingly, we used
DFT calculations to obtain relevant parameters. Our analysis
was carried out using the Gaussian09!'! (BP86;!'"l Dy: cc-
pVTZ-DK3 (all electron) ;"8 Rul™ or Fe: cc-pVTZ-DK (all
electron); 6-311G(d))?" and ADF*! (BP86; TZ2P; ZORA)
software packages. Both packages were used for calculations
on the experimentally observed molecular geometries of
1 and 2 from single-crystal X-ray diffraction, and the geo-
metries were optimized with the ADF package (Table S3). In
all cases, we observed critical points along the lines between
Dy and Fe or Dy and Ru (LCPs; Figure 2). For 1, these LCPs
are found at the very center of the Dy—Fe bond (d(Dy-
LCP) = d(Fe-LCP) = 1.44 A) while for 2, the LCPs are closer
to the Dy than to the Ru ion (d(Dy-LCP): 1.41 A; d(Ru—
LCP)=1.54 A). Interestingly, when the experimental crystal
structure was used, the delocalization index (DI-G09 or DI-
ADF) was slightly larger for Dy—Fe (0.45 or 0.44) than for
Dy—Ru (0.43 or 0.42) while the reverse was true for geometry-
optimized structures (DI(Dy,Fe)=0.47; DI(Dy,Ru)=0.48).
Although the differences in the calculated DIs are admittedly
small, larger DIs for the Dy—Fe as compared to the Dy—Ru
bonded system would indicate increased electron sharing
between Dy and the first-row transition metal Fe as compared
to its heavier congener Ru. This surprising finding appears to
be further supported by consistently larger positive Lap-
lacians of the electron density at the LCPs (57°0(LCP)) for
Dy—Ru than for Dy—Fe. As has been pointed out,! care must
be taken in interpreting these QTAIM results, and no direct
translation of them into a chemist’s interpretation of bond,
bonding, or bond strength is obvious. However, these results
do support a model in which more direct interactions occur
between Dy and Fe than between Dy and Ru. Qualitatively,
these findings are in line with the significantly greater
nucleophilicity of [FeCp(CO),]” as compared to that of
[RuCp(CO),] . and may be interpreted as a result of the
stronger ruthenium-ligand interactions (as compared to iron—
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Figure 2. Basin paths with interatomic surface paths (center) and
contour plots of \/°p (bottom) for 1 (left) and 2 (right).

ligand interactions), which attenuate the contribution of the
Ru-centered anionic charge to the electrostatic stabilizing
interaction of the polar, yet not purely ionic, Dy—Ru bond.

The static magnetic properties of 1 and 2 were probed by
variable-temperature direct current (dc) magnetometry using
a 1000 Oe applied field (Figures S2 and S3). The room-
temperature yy,T values of 13.75 and 13.56 emuKmol ' for
1 and 2, respectively, are close to, but somewhat lower than,
the expected value of 14.17 emuKmol ™' for a mononuclear
Dy*" complex (*Hisp, S=5/2, L=5, g=4/3). Such small
deviations from the expected value are frequently observed
for mononuclear Dy*" complexes. As such, a formal ion
charge assignment of Dy*"—Fe” would still be consistent with
the magnetic data, but partial electron donation from Fe to
Dy seems also possible. Both complexes exhibit a gradual
decrease in their respective yy7 values upon lowering the
temperature. This decrease in y\ 7 is typically observed and
attributed to the depopulation of Stark sublevels of Dy,
Both 1 and 2 display a slight increase in y\7 at the lowest
temperatures (2 K), which could be indicative of weak
intermolecular ferromagnetic interactions. Variable-temper-
ature magnetization versus field measurements for 1 and 2
(Figures S4 and S6) indicate that both complexes do not reach
magnetic saturation up to a field of 7T with significantly
smaller magnetization values (4.73 pg (for 1) and 4.87 g (for
2) at 1.8 Kand 7 T) than the expected free ion value (10 p; for
a Dy*' ion). This discrepancy suggests breaking of the
degeneracy of the °H;s, ground state by crystal/ligand field
effects.””! The M versus H/T curves for 1 and 2 (Figures S5
and S7) are non-superimposable due to the magnetically
highly anisotropic Dy*" ions.

The dynamic magnetic properties of 1 and 2 were probed
by variable-temperature alternating current (ac) magneto-
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metry. In the absence of an externally applied dc field, no
signals in the out-of-phase component of the ac susceptibility
(xm") could be observed in the temperature range of 2-10 K.
This is likely a result of quantum tunneling of the magnet-
ization (QTM). Application of dc fields proved successful in
significantly reducing QTM processes in 1 and 2 and allowed
for the observation of " signals. The dc field dependence of
the ac signals at 4 K (Figures S8 and S9), the corresponding
Cole-Cole plots (Figures S10 and S11), and relaxation times
(t; obtained from fitting Cole—Cole plots to the generalized
Debye equation; Figures S12 and S13) as a function of the dc
field for 1 and 2 are provided in the Supporting Information.
Both complexes show an initial increase in 7 with increasing
dc fields, which is due to the decreasing contribution of QTM
to the magnetic relaxation rates. Optimal dc fields of 1500 Oe
(for 1) and 1600 Oe (for 2) were observed. The application of
larger dc fields induces a direct process to occur and
accelerates magnetic relaxation, as can be seen in the
decrease in the 7 values at fields larger than 1500 Oe (for 1)
and 1600 Oe (for 2). It is interesting to note that under
comparable fields, complex 1 always exhibits significantly
larger 7 values than 2. The field dependence of 7 at 4 K was fit
according to 7' = AH" T+ B,/(1 + B,H?) + D; here, A is the
direct relaxation parameter, B; and B, are QTM parameters,
and D accounts for field-independent contributions from
Raman and Orbach processes.”®! Constraining 7, to a value of
4151 and letting all other values refine freely, we obtained the
values shown in Table S4. Variable-temperature ac measure-
ments were performed at the optimized dc fields. Figure 3
shows the y,,” signals observed for 1 and 2 (see Figures S13
and S14 for y,,/ data). These data were used to construct
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Figure 3. Frequency dependence of the out-of-phase (yy") component
of the molar ac susceptibility of 1 (at an applied dc field of 1500 Oe,
top) and 2 (at an applied dc field of 1600 Oe, bottom).
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Cole—Cole plots (Figure S15 and S16), from which relaxation
times were extracted, which were used to obtain Arrhenius
plots.

There are several approaches to estimating the effective
energy barrier to magnetization reversal (U,y) from Arrhe-
nius plots. Fitting solely the linear region of the Arrhenius
plots according to 7' =17, ' x e Y/ T (Figures S17 and S18)
yielded U, (and 7,) values of 40 cm™' (and 1.5x 10°°s) and
36cm™' (and 1.41x10°s) for 1 and 2, respectively. The
similarity of the U, values for 1 and 2 is very interesting and
suggests that the energy of the relaxation-relevant (likely
first) excited my;, states is not strongly altered in going from
a Dy—Fe bond in 1 to a Dy—Ru bond in 2, even though the
relaxation times at a given field and temperature are always
longer for 1 than for 2. Similar results were obtained by fitting
the whole temperature region of the Arrhenius plots accord-
ing to T 1= AH'T+ 1oy "4 CT" +1, e Y/ T Here, we
restricted 7, to a value of 5%/ and fixed the parameters A, B,
and B, to those obtained above from the variable dc field
dependence of 7 to avoid over-parameterization. The best fits
(Figure 4) resulted in extracted U, (and 7,) values of 43 cm™

010 015 020 025 030 035
1/T(K'1)

Figure 4. Arrhenius plots for 1 (red circles) and 2 (purple squares) at
1500 Oe and 1600 Oe, respectively. Lines correspond to the fit
described in the text.

(and 1.0x10°°s) and 46 cm™* (and 5.4x107"s) for 1 and 2,
respectively. Of course, mathematically better fits can be
obtained by refining all components of the equation, but we
preferred to not over-parameterize the fitting routine. How-
ever, it appears clear that independent of the fitting method,
1 and 2 display surprisingly similar, if not identical, U, values.

In summary, we have presented the first structural,
computational, and magnetic comparison of isostructural
Dy complexes that feature a Dy ion bound directly to either
a first-row or a second-row transition-metal ion. Spectroscop-
ic and computational analysis suggested strong TM —Dy
o donation. The barriers to magnetization reversal are
effectively identical for 1 and 2 whereas the optimal dc
fields are different, and, importantly, magnetic relaxation is
slower for 1 than for 2 at a given temperature, and 2 displays
larger coefficients for direct and Raman processes. These
observations are likely to be consequences of subtle changes
in the nature of the Ln—TM bonding as well as changes of the
effect of spin-phonon coupling on magnetic relaxation,’®*” as
the energies of all TM-ligand vibrational modes, and
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especially those of the Dy—TM one, will be strongly altered
upon going from 1 to 2. The herein reported powerful
synthetic approach should also enable studies of a wide
variety of Ln—TM bonded complexes in a systematic fashion.
This work is currently ongoing in our laboratories.
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